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ABSTRACT: Carbonate clumped-isotope thermometry is a promising technique that has the potential to help decode
the significance of the variability of both physical and geochemical compositions of ancient carbonate rocks. This
study utilizes a 600-million-year record of marine carbonate rocks from the subsurface and surface of the Sultanate of
Oman to explore how burial and exhumation affected the carbonate clumped-isotope thermometer. Samples span 6
km of burial depth, and include calcite and dolomite mineralogies and a range of carbonate rock textures. We find
evidence for two broad patterns in the physical and geochemical behavior of carbonate rocks during burial. The first
group of carbonates yield water 8'®0Oysyow compositions slightly enriched or equal to an expected “ice-free”
seawater composition of —1.2%o. and display good to fair textural preservation suggesting that cementation and
lithification occurred within tens of meters of the sediment—water interface. Temperatures from the second group sit
on the present-day geotherm, yield highly enriched water 8'*Oygyow compositions, and display fair to poor textural
preservation. We find no evidence for solid-state reordering in paired analyses of calcites and dolomites. Our results
contribute to a growing body of work that indicates that the seawater 8" 0vsmow composition has not changed
significantly over 600 Myr and was not —6%o in the Ediacaran.

INTRODUCTION

Marine carbonate fossils and rocks provide one of the best integrated
records of ocean chemistry through time. However, the geochemistry of
carbonate rocks records a series of overprinting events. During burial,
shells, mud, and grains that precipitated from seawater experience
dissolution to varying degrees, cements precipitate from pore fluids
replacing or lithifying original components, and vein-filling and void-
filling carbonate cements precipitate from deeper-burial fluids. All of these
processes leave textural evidence as well as chemical signatures and
provide insight into the history of ancient rocks. The chemical metric that
has arguably come closest to resolving questions concerning the
postdepositional diagenetic path of a given carbonate component is the
3'"%0 of the mineral (Urey 1947). The 8'0 of a given carbonate
component is dependent on both temperature, which changes with burial
depth, and the composition of the precipitating fluid, which can change as
pore fluids evolve when carbonate minerals are dissolved and reprecip-
itated. The 3'®0 of a bulk sample of carbonate rock then reflects all the
primary and secondary events, and their respective temperature and fluid
histories, that are recorded by the 8'30 of various carbonate components
(Brand 2004). This often-applied geochemical tool is imperfect in practice
because it is impossible to deconvolve whether temperature and/or fluid
composition is responsible for the observed 8'%0 of a lithified carbonate
rock or a single carbonate component (Urey 1947).

Carbonate clumped-isotope thermometry (A47) can deconvolve the
contribution of temperature from fluid chemistry on mineral 3'*0 (Eiler
2007, 2011). Thus it is a powerful tool with the potential to unpack the
complex history of depositional and burial events that transform carbonate
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sediments into rocks (Eiler 2007, 2011). Over the last few years, the A4;
temperature dependence of >C—"%0 “clumps™ has been calibrated in many
laboratories, and recent efforts from a few different labs demonstrate
consistent temperature dependencies for calcite, dolomite, aragonite,
siderite, and carbonate substituted into apatite for temperatures ranging
from 0 to 350°C (Henkes et al. 2013; Wacker et al. 2013, 2014, 2016;
Fernandez et al. 2014; Tang et al. 2014; Defliese et al. 2015; Kele et al.
2015; Bonifacie et al. 2017). Additional efforts to decrease the sample size
requirements from 10 mg to a few hundred pg per replicate make phase-
specific work possible (e.g. Miiller et al. 2017a). The measured abundance
of BC-"%0 “clumps” is accompanied by measurement of mineral 3'%0,
which, in conjunction with A4, temperature, can then be used to calculate
the precipitating-fluid 8'30 at assumed equilibrium.

Our study of shallowly-buried carbonates over a long period of time is in
part motivated by the observed large change in mineral 8'%0 over the last
600 million years (Shields and Veizer 2002; Knauth 2005; Jaffrés et al.
2007; Prokoph et al. 2008). This signal is seen in a range of minerals
including carbonates and has been explained with two end-member
interpretations: 1) an evolution of seawater 8'%0 values to —6%o in the
Ediacaran (Shields and Veizer 2002; Kasting et al. 2006; Jaffrés et al.
2007; Prokoph et al. 2008) or 2) warmer surface temperatures as high as
40°C in the Neoproterozoic (Knauth 2005; Robert and Chaussidon 2006;
Gaucher et al. 2008). To fully distinguish between these end members or to
accept some other yet unappreciated solution, we must first tackle the more
basic question of what can be learned from the A,; temperature and
reconstructed fluid 3'®0 of lithified carbonate rocks. Unpacking the
potential range in A4; temperatures in heterogeneous carbonate rocks that
results from shallow burial, cementation, dolomitization, and other
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postdepositional processes remains a first-order question that requires
large, well constrained datasets (Winkelstern and Lohmann 2016; Murray
and Swart 2017). Carbonate rocks from the Sultanate of Oman provide a
600-million-year record to test the utility of clumped-isotope thermometry
in shallowly buried strata.

GEOLOGIC BACKGROUND

The stratigraphy of sedimentary rocks within the Sultanate of Oman
affords an opportunity to explore shallow-burial processes and diagenetic
environments (Figs. 1, 2). The oldest carbonates of Oman are some of the
most shallowly buried Precambrian carbonates globally and include one of
the oldest commercially viable oil-producing reservoirs (Figs. 1, 2;
Schroder et al. 2005). Work on this petroleum reservoir and younger
overlying reservoirs provides independent estimates of temperatures at
maximum burial depths for the entire succession and access to subsurface
samples (Fig. 2; Visser 1991; Al-Siyabi 2005; Schoenherr et al. 2007;
Grosjean et al. 2009). These burial temperatures inform predictions of
carbonate clumped-isotope thermometry for primary and diagenetic
phases. In this study, we examine carbonate lithologies from the Ediacaran
to Paleogene, buried between 350 m and 6000 m, from both the subsurface
and outcrops, that provide a test for the effects of carbonate diagenesis on
the A7 temperature through time and across different burial environments.

Depositional History of Oman Carbonates

Permian—Paleogene Carbonates—The carbonate-dominated Eocene
and Paleocene Hadhramaut Group is regionally extensive and is found
across the Arabian plate (Forbes et al. 2010). These carbonates are
underlain by a regional hiatus that followed localized deposition of the Late
Cretaceous Aruma Group carbonates and the closure of the Neo-Tethys
Ocean (Figs. 1, 2). Before the closure of the Neo-Tethys Ocean, passive-
margin carbonate-dominated sedimentation in a shallow epeiric sea across
Oman formed the Permian—Cretaceous Akhdar, Sahtan, Kahmah, and
Wasia groups (Fig. 3; Forbes et al. 2010; Koehrer et al. 2010; Bendias and
Aigner 2015; Obermaier et al. 2015; Schlaich et al. 2017).

Ediacaran—Cambrian Ara Group.—The Permian Khuff Formation of
the Akhdar Group was preceded by Paleozoic siliciclastic deposition until
the carbonate and evaporite-dominated Ara Group that spans the
Ediacaran—-Cambrian boundary. The Ara Group records volcanism and
basin compartmentalization associated with the convergence of East and
West Gondwana (Allen 2007; Forbes et al. 2010) and is composed of six
evaporite—carbonate cycles (A0/A1-A6; ~ 1-2 Myr each; Mattes and
Morris 1990; Schroder et al. 2004, 2005; Al-Siyabi 2005; Forbes et al.
2010; Grotzinger and Al-Rawahi 2014). Carbonates were deposited during
transgressive to highstand conditions predominantly as boundstone and
grainstone lithofacies (Fig. 4), while evaporites were deposited during
relative lowstand conditions on the platforms and in surrounding basinal
environments (Grotzinger and Al-Rawahi 2014). Today the Ara Group
carbonates form “stringers” that float in the salt under lithostatic pressure.
Additionally, carbonates found in a series of salt domes sourcing the Ghaba
Salt Basin are correlated with the Ara Group (Al-Siyabi 2005; Reuning et
al. 2009; Forbes et al. 2010; Mettraux et al. 2014, 2015).

—

FiG. 1.—Composite column of the stratigraphy of Oman. The stratigraphic range
of each sampled subsurface well and outcrop section is shown on the right. Relevant
locations for each well and outcrop area are shown in Figure 2A. Sample locations
are grouped regionally from the South Oman Salt Basin (SOSB), the Central Oman
High (COH), and the Ghaba Salt Basin (GSB). The stratigraphic column is modified
from Forbes et al. (2010).
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Fic. 2.—A) Simplified geologic map of Oman showing sample locations of subsurface wells (circles), outcrop sections (stars), and the Qarn Alam salt dome (squares).
Approximate subsurface well locations are from Al-Siyabi (2005) and Forbes et al. (2010). Contours of bitumen reflectance data are plotted from Visser (1991). Time—
temperature histories for three locations (diamonds) from Visser (1991) were used for modeling of solid state reordering (Fig. 11). The A—A’ and B-B’ lines are transects of
the cross section shown below. B) Schematic geologic cross sections from A—A’ and B-B’ through the South Oman Salt Basin and Ghaba Salt Basin and Huqf outcrop area
respectively. The South Oman Salt Basin is at a shallower depth than the Ghaba Salt Basin, and they are separated by the Central Oman High. Both the geologic map and the
cross sections are modified from Forbes et al. (2010).

Ediacaran Nafun Group.—The Nafun Group is the oldest carbonate-
containing unit in Oman (Allen 2007). The unit consists of two large-scale
siliciclastic—carbonate cycles of the Masirah Bay and Khufai formations

environments below storm-weather wave base, shallow marine grainstone
shoals, and peritidal and lagoonal environments (McCarron 1999; Cozzi et
al. 2004; Le Guerroué et al. 2006; Osburn et al. 2014).

and the Shuram and Buah formations (Fig. 1; Allen 2007; Bowring et al.
2007). The carbonates are composed of a wide range of lithofacies
including mudstone, stromatolite boundstone, and grainstone (Fig. 5).
Lithofacies associations generally define shallowing-upwards trends, and a
range of depositional environments are preserved, including deeper marine

Estimated Burial History

Carbonates from three distinct regions sampled in this study have
different burial histories: A) the South Oman Salt Basin (SOSB) and

¥ i3 3 :
‘."(,,:\5\ a ¢l ¥ -

HM1 357 m |3 |T=3026°C

HM5_1]500.8m |2|T=33+10°C | HM8_1|729.5m |2|T=34+2°C
Cretac. | 6'°0,,,q,, = 0.3% 2% | Cal Cretac. | 80, ,,,,, = 0 * 0.4%0
G:32%/4um | M:51%/4um HM5_2|2|T=50+6°C G:32%/4pm | M:51%/4um
C:4%/41um | P: 13% | A:5pm | Cal = 2.7 + 1%o | Cal C:4%/41um | P: 13% | A:5um | Cal
NP T : 7 Thn * S 3

Eocene |60, = -0-2 * 1.2%o

HM15[12649m |4 |T=33+6°C
Permian | 8"°0, ;= 1.1 £ 0.2%o
G:0%/0pm | M:16%/4um G:0%/0um | M:96%/12um G:87%/5um | M:0%/0um
C:84%/296um | P: 0% | A:250um | Cal||  C:0%/0um | P: 4% | A:5um | Dol C:14%/71um | P: 0%| A:14um | Cal
SAMPLE | present day depth (m) | replicate # | A,, Temperature + 2SE (°C) | Age |
water 80, . composition + 2SE (%o) GRAINS: percent thin section (%)/ Average crystal size (um) |

MATRIX: precent of image (%)/mean crystal size (um) | CEMENT: percent of image (%)/mean crystal size (um)
SILICICLASTICS | POROSITY: percent of image (%) | Area-weighted mean crystal size (um) | mineralogy

i -‘ 0 AN \
HM8_2|729.5m | 2| T =44+ 14°C
Cretac.| 80 =0.9 + 3%o

VSMOW

HM16[1319.1m|3|T=33+11°C

Permian | 6'°0,,,,,, = 0.7 + 2%o

Fi6. 3.—A-F) Petrographic images for Permian—Paleogene carbonates. The values given below the slides are sample name, present-day depth, number of sample replicates,
A4 temperature, age, calculated water 380ysmow petrographic results of % area and mean crystal size of G, grains; M, matrix; C, cement; S, siliciclastics; P, porosity; A,
area-weighted mean crystal size in the image and mineralogy. Clumped-isotope and water 8'*Oygpow error is 2SE. Co-occurring calcite spar cement has higher T(A47) than
the surrounding matrix (see Part B). Epoxy is stained blue (see Part A) and thin sections are occasionally stained with alizarin-red staining solution for calcite (see Part D).
Scale bars are 500 pm.
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Fi6. 4—A-F) Petrographic images for Ediacaran—Cambrian Ara Group carbonates. The values given below the slides are sample name, present-day depth, number of
sample replicates, A4; temperature, age, calculated water S]SOVSMOW, petrographic results of % area and mean crystal size of G, grains; M, matrix; C, cement; S, siliciclastics;
P, porosity; A, area-weighted mean crystal size in the image and mineralogy. Clumped isotope and water 8'®Oysyow error is 2SE. Epoxy is stained blue (see Part A) and thin

sections are occasionally stained with alizarin-red staining solution for calcite (see Parts A and C). Scale bars are 500 pm.

Eastern Flank, B) the Central Oman High, and C) the Ghaba Salt Basin
(Fig. 2). Across the SOSB and Central Oman High, current in-situ
borehole temperature measurements do not exceed 100°C until 4000 m for
a wide variety of wells (Schoenherr et al. 2007). The salt domes sourcing
the Ghaba Salt Basin are sourcing carbonates that have been buried up to
depths of ~ 9 km and are the most deeply buried samples from this study
(Fig. 2; Reuning et al. 2009).

The Central Oman High separates the SOSB from the deeper Ghaba Salt
Basin to the north. Many of the samples of this study come from the
Central Oman High, from either the Huqf outcrop area or wells HM and
MQ (Figs. 1, 2). The Central Oman High is interpreted as an area
dominated by long-term uplift since at least the Permian, with younger
units thinning towards and onlapping the high (Gorin et al. 1982; Ries and
Shackleton 1990). The oldest stratigraphy examined in this study
experienced large-scale folding likely related to the establishment of the

high (Gorin et al. 1982; Ries and Shackleton 1990). Younger stratigraphy
including the siliciclastic Cambrian Mahatta Humaid Group and late
Paleozoic Haushi Group display no structural folding and onlap the
Ediacaran sedimentary rocks, suggesting that deformation and uplift
occurred before, during, and after deposition of the Nafun and Ara groups
(Gorin et al. 1982; Ries and Shackleton 1990).

Constraints on burial history include data from apatite thermochronol-
ogy, which has ~ 100°C temperature sensitivities on 100 Myr timescales.
Fission-track ages from Nafun Group detrital apatites, sourced from the
650-750 Ma granitic basement, range from 650 to 400 Ma with a peak at
450 Ma in wells from the SOSB and Central Oman High (Visser 1991).
This data suggest that some wells never reached the apatite closure
temperature of ~ 100°C during burial and other wells experienced
significant uplift around 450 Ma and saw maximum temperatures < 100°C
for the rest of the Phanerozoic Eon.
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FiG. 5.—A-F) Petrographic images for Ediacaran Nafun Group carbonates. The values given below the slides are sample name, present-day depth, number of sample
replicates, A4, temperature, age, calculated water 3'*Oysyow petrographic results of % area and mean crystal size of G, grains; M, matrix; C, cement; S, siliciclastics; P,
porosity; A, area-weighted mean crystal size in the image and mineralogy. Clumped isotope and water 8'*Oygyow error is 2SE. Epoxy is not stained blue. Scale bars are 500

pm.

Clay mineralogies in the Shuram and Buah formations in the Huqf
outcrop area include illite, illite—smectite complexes, smectite, and
kaolinite (Dubreuilh et al. 1992), which suggests that strata have not
experienced the full smectite-to-illite transition (burial < 3000 m).

Thermal maturity of organic material further constrains the maximum
temperature these rocks have experienced in their burial history. The
organic material from the Ara Group in well TM6 in the South Oman Salt
Basin is classified as immature and was not subjected to temperatures
greater than 60°C, based on hydrogen indices of 450-600 and Tmax of
hydrocarbon release of 423-433°C from Rock Eval (Grosjean et al. 2009,
2012). Wells from the SOSB and Central Oman High have vitrinite
reflectance equivalence (VRE) of 0.6 to 0.8% for the Nafun and Ara Group
source rocks (oil generation occurs between 0.6 and 1.2%; Fig. 2; Visser
1991). In a more recent study using a similar bitumen reflectance metric,
samples from subsurface wells in the SOSB currently at < 4000 m depth

have maximum paleo—burial temperatures < 100°C except for a few
samples from Minassa (Schoenherr et al. 2007).

METHODS
Sample Collection and Preparation

To constrain the variability of temperature and fluid composition
recorded by marine carbonate rocks, 180 samples from a range of burial
environments (currently in both the subsurface and surface) and ages (50 to
~ 600 Ma) were analyzed from the South Oman Salt Basin and Eastern
Flank, the Central Oman High, salt domes accessing the Ghaba Salt Basin,
and the Oman Mountains (Figs. 1, 2; Schroder et al. 2004; Al-Siyabi 2005;
Forbes et al. 2010). Carbonate samples from the subsurface were collected
from cores or cuttings. Where possible, wells with in-situ measurements of
borehole temperature were used to best constrain the current geotherm.
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TABLE 1.—Permian—Paleogene carbonates. Isotopic composition of analyzed samples (%o).
Water
Depth 83C 80 AL” Ay T 31804 GS G.CS M.CS Cc.CS A.CS
Name M Well m N PDB PDB CDES90 CDES90 2SE °C 2SE SMOW 2SE Facies %G pum pm %M um %C pm C pm
HM1_1 C HM 357 3 13 -36 0.583 0.570 0.016 30 6 -0.2 1.2 Pack. 32 122 4 51 4 4 41 EMC 5
HM2_.1 C HM 357 4 1.0 -3.7 0.55 0.547  0.027 38 11 1.3 2.1 Wack.
HM2 2 C HM 357 2 1.0 -3.7 0.558 0.544 0.019 39 8 1.3 1.5 Cem.
HM23 C HM 357 2 13 -35 0.568 0.554 0.017 35 7 0.9 1.4 Wack.
HM3_1 C HM 415 2 22 -33 0564 0.554 0.022 36 9 1.4 1.7 Wack. 27 1460 5 63 4 11 41 EMC 8
HM4.1 C HM 500 3 25 -37 0.557 0.545 0.023 39 10 1.4 1.8 Wack. 0 0 0 94 4 25 EMC 5
HM5_1 C HM 501 2 24 -37 0574 0.560  0.029 33 11 0.3 23 Wack.
HM5 2 C HM 501 2 24 -44 0.528 0.516 0.011 50 6 2.7 1.0 Cem.
HM6_1 C HM 583 2 16 -34 0.575 0.566  0.017 33 7 0.5 1.3 Pack. 0 0o 0 76 4 24 90 EMC 25
HM7_1 C HM 650 2 32 -41 0562 0.547 0.020 37 8 0.7 1.6 Pack. 0 0 0 74 4 26 32 EMC 11
HM7.2 C HM 650 3 32 441 0.561 0.547 0.021 37 9 0.7 1.7 Cem. 0 0 0 84 4 16 27 EMC 8
HM81 C HM 730 2 23 -42 0.570 0.557 0.003 35 2 0.0 04 Wack. 0 0 0 98 4 2 34 EMC 5
HM8 2 C HM 730 2 38 -5.1 0.543 0.527 0.034 44 15 0.9 2.8 Cem. 0 0 0 16 4 84 296 EMC 250
HM9 1 C HM 794 2 3.0 -40 0.573 0.558 0.006 33 3 0.0 0.6 Wack. 0 500 O 86 4 14 62 RD 12
HM9 2 C HM 794 3 3.1 -39 0.547 0.533  0.024 43 10 1.8 1.9 Pack. 0 0 0 98 4 2 27 EMC 5
HM10_1 C HM 830 4 2.7 -54 0572 0.560 0.044 34 17 -1.3 3.5 Pack. 13 1120 6 83 4 4 21 EMC 5
HMI11_1 C HM 963 2 19 -3.6 0.567 0.554 0.022 35 9 0.9 1.7 Pack. 0 0 0 99 4 1 35 EMC 4
HMI1.2 C HM 963 2 13 -47 0.558 0.545 0.009 39 4 0.3 0.8 Grain. 0 0 0 81 4 19 131 EMC 28
HMI2_1 C HM 1039 2 14 -38 0.572 0.564 0.011 34 5 0.4 0.9 Grain. 78 165 2 0 0 22 17 EMC 5
HM13_1 C HM 1115 2 49 -44 0.546 0.529 0.024 43 11 1.4 2.0 Mud. 0 0 0 99 2 1 31 RD 2
HMl6_1 C HM 1319 3 45 -33 0575 0.560 0.029 33 11 0.7 22 Bound. 87 163 5 0 0 14 71 EMC 14
HM18_1 C HM 1421 2 45 -3.1 0.570 0.558 0.002 34 2 1.2 0.3 Grain. 0 430 0 0 0 100 527 OC 527
HM14_.1 D HM 1199 2 49 -2.6 0.530 0.518 0.011 49 o6 0.8 0.4 Mud 0 0 0 100 6 0 0 None 6
HMI5_1 D HM 1265 4 -02 1.1 0.575 0.568 0.019 33 8 1.1 0.5 Mud. 0 0 0 96 12 0 0 None 12
HM17_1 D HM 1370 2 -0.6 02 0.591 0.581 0.015 28 6 -0.9 0.0 Mud. 0 0 0 85 4 0 0 None 3

2 Calculated using 7O parameters from Huntington et al. (2009), ® Calculated using '’O parameters from Brand et al. (2010).
© AgzcpEsoo = 0.0428 (£0.0033) * 10%/T* + 0.1174 (+0.0248) (Bonifacie et al. 2017, Eq. 1)
4 Calculated using mineral-water fractionation equations from Kim and O’Neil (1997) and Horita et al. (2014).

Outcrop samples of Ara Group—equivalent rocks from the Qarn Alam salt
dome were sampled as well (Reuning et al. 2009; Mettraux et al. 2014,
2015). Outcrop samples of the Nafun Group were collected from the Huqf
outcrop area in Central Oman during three field seasons in 2009, 2010, and
2011. After sampling, outcrop hand samples were cut and polished to
expose an unweathered face before further analysis.

Petrographic Analysis

Thin sections of 50 representative samples from the Permian—Paleogene
samples (n = 20), Ara Group (n = 13) and Nafun Group (n = 17)
carbonates were quantitatively analyzed. Representative images at 5X
resolution (~ 2.5 cm across) were collected from the drill area (Figs. 3, 4,
5; see Supplemental Materials). Images were analyzed using Fiji, an open-
source image-analysis software tool (Schindelin et al. 2012). The mean
crystal size of three components as grains (G.CS), matrix (M.CS), and
cement (C.CS) was calculated based on 10—40 individual measurements of
crystal diameter. For example, if a grain was micritized, the average crystal
size within the grain (G.CS) reflects the mean crystal size in the grain,
while the mean grain size of the grain is the average of grain-diameter
measurements (GS) (Tables 1, 2, 3). The % area of open porosity, grains,
matrix, and cement components was measured using a thresholding
protocol we developed in Fiji that includes background subtraction,
deconvolving colors, and thresholding. The mean crystal size for the entire
thin section was calculated as a weighted mean of each component mean
(A.CS). Facies were classified using the Dunham classification scheme,
and specific grains (e.g., ooids, pisoids), matrix (e.g., micrite, microspar)

and cement types (e.g., equant mosaic (EMC), overgrowth (OC)). See
Supplemental Materials for raw data.

Scanning Electron Microscopy (SEM)

High-resolution scanning electron microscopy imaging of 14 thin-
section samples was completed for additional context and crystal size
verification, including six Permian—Paleogene carbonates, two Ara Group
carbonates, and six Nafun Group samples. Images were collected with a
ZEISS 1550 VP Field Emission Scanning Electron Microscope (SEM)
equipped with an Oxford INCA Energy 300 X-Ray Energy Dispersive
Spectrometer (EDS) system in the California Institute of Technology
Geological and Planetary Sciences Division Analytical Facility. Images
were collected at a working distance of §—9 mm using a Quadrant back-
scattering detector (QBSD). In addition, EDS measurements and maps
were made to identify in situ distributions of calcite, dolomite, clay, and
quartz grains. All SEM data is presented in the Supplemental Materials.

Bulk Powder X-Ray Diffraction (XRD)

XRD measurements were made on each powder used for clumped-
isotope measurements on a PANalytical X’Pert Pro in the Material Science
Department at the California Institute of Technology. Scans were run from
5 to 70° 28 with a step size of 0.008 and a scan step time of 10.16 s. A Cu
anode was used at 45 kV and 40 mA. A zero-background silicon plate was
used for all measurements because of sample size limitations. To determine
relative abundances of calcite and dolomite in each sample, the relative
peak height intensities of the major calcite and dolomite peaks at 29.5° 20
and 30.7° 20, respectively, were used (Supplemental Materials; Tennant
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TABLE 2.—Ara Group isotopic composition of analyzed samples (%o).
Water
Depth  3°C 3'%0 A" Ag® T 3'%o¢ o, GS G.CS o, MCS o CCS A.CS
Name M Well m N PDB PDB CDES90 CDES90 2SE °C 2SE SMOW 2SE Facies G pym pum M um C um C pm
HM19_1 C HM 3149 1 0.6 -2.8 0481 0.470 0.004 70 4 7.5 0.6 Pack. 0 0 0 0 0 96 146 EMC 140
HM20_1 C HM 3164 2 1.1 -2.1 0.456 0.450 0.014 82 10 10.1 1.5 Pack. 0 0o 0 15 4 85 201 EMC 171
HM21_1 C HM 3181 1 -0.6 -45 0474 0.464 0.004 73 4 6.3 0.6 Pack. 0 0 0 0 0 100 85 EMC 85
SB1_PIS D KD 0 1 42 -05 0543 0.527 0.004 44 3 1.9 02 Grain. 80 897 4 0 0 4 64 EMC 6
SB2_FAN D KD 0 1 2.7 -13 0518 0.505 0.004 54 3 29 0.0 Tufa o 0 0 100 8 0 0 None 8
SWN_1697_24 D SWN 1697 1 24 -41 0495 0.482 0.004 64 3 1.7 03 Grain. 0 0o 0 100 8 0 0 None 8
SBSB_2398 78 D SBSB 2399 1 2.7 -1.8 0472 0458 0.004 74 4 57 05 Bound. 0 O O 0 0 100 92 OC 92
SBSB_2461_75 D SBSB 2462 1 1.9 28 0493 0.481 0.004 64 3 33 03 Bound. 0 0 0 0 0 100 132 OC 132
SBSB_2765_73 D SBSB 2766 1 3.1 -1.5 0.546 0.533  0.004 43 3 0.7 03 Mud. o 0 0 100 12 0 0 None 12
A4C_40_2 D BB4 2929 1 -19 -39 0.480 0472 0.004 70 4 30 04 Cutt. o 0 0 0 0 100 136 OC 136
A4C_40_3 D BB4 2929 2 -19 -39 0484 0.477 0.020 69 12 28 1.6 Cutt.
A4C_24 D BB4 2940 2 -3.1 -55 0.503 0.497 0.021 60 11 -0.2 1.5 Cutt.
A4C_24 2 D BB4 2940 3 3.1 -54 0513 0.507 0.004 56 3 -0.8 0.1 Cutt.
MQI1_2942 D MQ 2942 1 1.6 -64 0475 0.463 0.004 73 4 1.0 0.5 Cutt.
A4C_13 D BB4 2949 1 47 -43 0453 0.449 0.004 84 4 47 0.7 Cutt. 0 0o 0 100 15 0 0 None 15
A4C_9 D BB4 2950 1 -51 -43 0.459 0.456 0.004 81 4 42 0.7 Cutt. 0o 0 0 100 6 0 0 None 6
MQ1_2986 D MQ 2986 1 22 -50 0478 0.462 0.004 71 4 22 05 Cutt.
MQ1_2994 D MQ 2994 1 25 32 0479 0466 0.004 71 4 39 05 Cutt.
MQ1_3026 D MQ 3026 1 1.7 -40 0.499 0.482 0.004 62 3 1.6 02 Cutt.
MQ1_3160 D MQ 3160 2 -03 -3.6 0.463 0.454 0.002 79 3 47 0.5 Cutt.
1HI_A1C_031 D MIN 3400 2 2.8 -3.1 0.510 0.495 0.034 57 17 1.7 2.5 Cutt.
1H1_A3C_010 D FAY 4220 2 -22.1 -52 0456 0.476  0.005 83 5 3.6 0.8 Cutt.
1HI_A3C_011 D FAY 4222 3 -225 -57 0.447 0.468 0.023 87 16 3.8 23 Cutt.
GFR_102 D GFR 4571 2 23 -40 0437 0.422 0.035 93 25 6.2 3.5 Cutt.
ZAL_1_33 D ZAL 4948 2 -0.7 -48 0454 0.443  0.017 84 12 4.1 1.7 Cutt.
BBN_2_52 D BBN2 3884 2 -25 -49 0439 0.432 0.004 92 5 5.1 09 Cutt.
LHN_5842_8 D LHN 5843 3 1.7 2.8 0.464 0.452 0.030 78 19 54 2.6 Cutt.
LHNI D LHN 5848 3 1.6 -29 0432 0417 0.042 96 32 7.7 43 Cutt.
LHNI1 D LHN 5848 2 1.8 -2.1 0442 0.428 0.023 90 17 7.7 23 Cutt.
LHN4 D LHN 5848 2 2.0 -14 0489 0.475 0.028 66 16 50 22 Cutt.
SWT8_3725.75 D SWT8 3726 2 03 -2.7 0.505 0.491 0.035 59 18 2.5 2.6 Rud 0 0o 0 100 10 0 0 None 10

2 Calculated using '’O parameters from Huntington et al. (2009).
® Calculated using '’O parameters from Brand et al. (2010).

¢ Aurcpeseo = 0.0428 (+0.0033) * 10%T? 4 0.1174 (+0.0248) (Bonifacie et al. 2017, Eq. 1)
4 Calculated using mineral-water fractionation equations from Kim and O’Neil (1997) and Horita et al. (2014).

and Berger 1956). Mixtures of known compositions of 100%, 80%, 60%,
40%, 20%, and 0% calcite with dolomite were used to create the following
relationship of peak height to % dolomite:
%Dolomite = 0.0099
. ( Rel.Intensity of CaMgCOs
Rel.Intensity of CaMgCO; + CaCOs

- 0.0526)

90% of the samples analyzed were pure endmembers of either calcite or
dolomite. For the 10% of samples that include both calcite and dolomite,
the acid digestion fractionation for calculating mineral 5'"%0yppp and the
mineral-water fractionation factor were made assuming a pure composi-
tion of the dominant mineralogy.

Carbonate Clumped-Isotope Thermometry

Samples of 9—12 mg of powder were weighed into silver capsules before
being reacted in a phosphoric common acid bath (~ 103%; 1.90 < p <
1.92) for 20 minutes at 90°C. Evolved CO, was collected and purified with
an automated acid digestion and gas purification device as described by
Passey et al. (2010). This device includes passing the CO, through multiple
cryogenic traps using either a dry ice and ethanol mix or liquid nitrogen as
well as through a Porapak-Q 120/80 mesh gas chromatography column
held at —20°C using a helium carrier gas. Sulfur was scrubbed from the

CO, using an in-line silver wool trap. The CO, was measured on one of
two ThermoFinnigan MAT 253 IRMS housed at Caltech. Each
measurement consisted of eight acquisitions (16V on m/z = 44) of seven
cycles of unknown sample CO, versus Oztech working gas as outlined by
Huntington et al. (2009).

Data collection spanned March 2009 to July 2013, and over this interval
and beyond, best practices in the clumped-isotope community have
evolved to better address pressure baseline issues, nonlinearity in the
source, scale compression, and necessary sample replication (e.g., Dennis
etal. 2011; Bernasconi et al. 2013; Schauer et al. 2016; Daéron et al. 2016;
Bonifacie et al. 2017). To best address the complexities of data processing
over many months, two mass spectrometers, and samples of multiple
mineralogies, gathered with and without 25°C equilibrated gases, we input
over 1200 raw measurement files of 1000°C heated and 25°C equilibrated
gases and carbonate standard data along with 270 raw measurement files of
sample unknowns into Easotope, an open-source software tool specifically
developed for clumped isotope data processing (John and Bowen 2016).

The carbonate 3'*0 values were calculated using a 90°C acid-digestion
fractionation factor for calcite from Swart et al. (1991) and for dolomite
from Rosenbaum and Sheppard (1986). Carbonate 3'°C and 8'%0 values
were drift-corrected using a 10 standard moving window to NBS-19 and
NBS-19 calibrated internal Carrara Marble standards (HCM and CIT). We
corrected all of the Ay, data using a 10 standard moving window using
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TABLE 3.—Nafun Group isotopic composition of analyzed samples (%o)

K.D. BERGMANN ET AL.

Water
Depth  3"C 80 A,° AP T 30! o, GS GCS o MCS o CCS A
Name M Well m N PDB PDB CDES90 CDES90 2SE °C 2SE SMOW 2SE Facies G pym pm M um C um C pm
MD2_25_8 C MD 0 4 -55 -76 0.539 0.535 0.033 46 15 -1.3 2.7 Rud.
MD6_10_0_K1 C MD 0 1 45 90 0452 0.435 0.004 85 4 3.4 0.6 Cem. 0O 0 0 0 0 100 137 EMC 137
MD6_10_0_K2 C MD 0 2 32 -93 0470 0456 0.006 75 5 1.8 0.8 Cem. 0o 0 0 0 0 100 1172 OC 1172
MD6_S2_ts C MD 0 1 -12.5 -89 0494 0.498 0.004 64 3 0.4 0.6 Grain. 30 71 4 0 0 0 0 None 4
MDE2_154_.7 C MD 0 5 -11.3 -86 0489 0.491 0.015 66 9 1.1 1.4 Grain.
MDE2_173_6 C MD 0 2 -99 -86 0.507 0.508 0.007 59 5 -0.1 0.8 Grain. 92 278 4 0 0 8 110 EMC 13
MDE2_180_6 C MD 0 3 -11.1 -88 0.507 0.509 0.019 58 10 -03 1.7 Grain.
MDE2_86_6 C MD 0 3 -12.0 -79 0.544 0.547 0.019 44 8 -1.9 1.6 Grain.
MDE2_99_3 C MD 0 2 -11.9 -82 0476 0.479 0.030 72 18 2.5 2.8 Grain.
MDS_109_6 C MD 0 2 -89 -73 0.543 0.544 0.015 44 7 -13 1.3 Wack.
MDS_200 C MD 0 2 -78 -7.8 0.546 0.546 0.020 43 9 -2.0 1.6 Pack. 99 76 5 0 0 0 0 None 5
MDS_213 C MD 0 3 -69 -7.7 0514 0.512  0.024 55 12 0.2 2.1 Grain.
MDS_222_5 C MD 0 3 -68 -66 0.531 0.529 0.039 48 18 0.1 33 Mud. 96 48 4 4 7 0 0 None 4
MDS_24_5 C MD 0 3 -90 -88 0.504 0.504 0.024 60 13 -0.1 2.1 Grain. 81 235 6 0 0 19 44 EMC 13
MDS_36 C MD 0 2 -89 -96 0495 0.495 0.028 64 15 -0.4 2.5 Pack.
MDS_53_5 C MD 0 2 -76 -84 0.506 0.504 0.004 59 3 0.1 0.5 Pack. 0O 0 0 98 9 0 0 None 8
WS 2 8 C KD 0 1 -102 -84 0469 0470 0.004 76 4 2.7 0.6 Pack. 88 57 4 0 0 12 47 EMC 9
WS_7_7 C KD 0 3 -99 -85 0513 0.517 0.032 56 16 -0.5 2.8 Grain. 63 402 8 0 0 18 42 EMC 13
TM6_2760 C TM6 2760 2 -83 -8.0 0476 0475 0.037 73 22 2.6 3.5 Cutt.
MQ1_3630 C MQ 3630 1 -85 -81 0510 0.512 0.004 57 3 0.1 0.5 Cutt.
MQ1_3640 C MQ 3640 2 -6.1 -6.1 0477 0478 0.037 72 22 4.6 3.5 Cutt.
BD_9_8 D BD 0 1 29 -29 0.536 0.531 0.004 47 3 -0.1 0.1 Bound. 0 543 6 100 15 0 0 None 15
KDE_274 D KD 0 2 43 44 0522 0.506 0.022 52 11 -0.5 1.3 Bound.
KDW2_131.8A D KD 0 2 -12 -59 0531 0.522  0.051 49 24 -26 38 Bound. 0 0 0 9% 53 4 37 EMC 53
KDW2_64_8 D KD 0 2 24 22 0562 0.550 0.025 37 10 -1.2 1.1 Mud. 0O 0 0 100 11 0 0 None 11
MD6_258_6 D MD 0 2 -28 -7.8 0490 0.483  0.041 66 23 -1.5 34 Grain. 91 461 3 2 4 0 0 None 3
MD6_259_5 D MD 0 3 -41 -72 0.509 0.505 0.027 58 14 -24 1.9 Wack.
MDE_156_3 D MD 0 3 43 45 0.521 0.504 0.020 52 10 -0.5 1.2 Mud.
MDE_175_3 D MD 0 2 26 -2.1 0.554 0.538 0.031 40 13 -0.5 1.7 Mud.
MDE_234_5 D MD 0 2 44 22 0.538 0.521 0.031 46 14 0.5 1.9 Mud.
MDE_277_4 D MD 0 2 49 -64 0484 0466 0.012 69 8 0.3 1.0 Bound.
MDE_278 D MD 0 3 52 -63 0516 0.498 0.006 55 4 2.0 0.2 Bound.
MDE_280_7 D MD 0 2 -03 -72 0.526 0.515 0.036 50 17 -3.6 2.4 Wack.
MDE_284_2 D MD 0 2 19 -58 0.522 0.508 0.023 52 11 -1.9 1.4 Mud.
MDE_292_5 D MD 0 2 -54 -68 0.509 0.504 0.003 58 3 -1.9 0.1 Mud.
MDE_293_4 D MD 0 2 -87 -69 0497 0.497 0.028 63 15 -1.2 2.1 Mud.
MDE_56_1 D MD 0 2 45 -63 0458 0.441 0.003 82 4 2.3 0.6 Mud.
MDE2_0_4 D MD 0 2 -02 -70 0493 0.481 0.007 65 5 -1.0 0.5 Wack.
MDE2_1_0 D MD 0 4 03 -72 0496 0.484 0.029 63 16 -14 2.2 Pack.
MDE2_1_7 D MD 0 3 -03 -55 0521 0.510 0.008 52 4 -1.6 0.3 Grain.
MDE2_106_.3 D MD 0 6 -11.9 -9.7 0489 0493 0.025 66 14 -34 1.9 Grain.
TM6_2310 D TM6 2310 2 -1.1 -40 0.519 0.508 0.059 54 29 0.2 4.8 Cutt.
SWN_2573_12 D SWN 2573 2 1.8 -33 0.543 0.530 0.011 44 5 -0.9 03 Bound. 1 41 6 99 6 0 0 None 6
SB1_CON D KD 0 2 31 19 0576 0.562  0.007 33 3 1.9 0.4 Bound. 0 568 0 99 15 1 29 EMC 15
SB2_STROM D KD 0 2 7.6 27 0542 0.523  0.001 45 1 -0.2 04 Bound. O O O 100 8 0 0 None 8
MQ1_3200 D MQ 3200 1 23 -38 0.514 0.501 0.004 55 3 0.7 0.1 Cutt.
MQI1_3224 D MQ 3224 2 65 -0.8 0.500 0473 0.036 61 19 4.7 2.8 Cutt.
MQ1_3426 D MQ 3426 4 -48 -1.5 0.531 0.528 0.006 49 3 1.7 0.0 Cutt.
MQ1_3806 D MQ 3806 1 -6.0 -6.6 0.512 0.511 0.004 56 3 -2.0 0.1 Cutt.
MQ1_3810 D MQ 3810 2 -3.0 -65 0497 0492 0.096 63 56 -0.8 10.4 Cutt.
MQI1_3818 D MQ 3818 1 -05 -60 0.512 0.501 0.004 56 3 -1.4 0.1 Cutt.
MQ1_4002 D MQ 4002 1 29 -93 0459 0444 0.004 81 4 -0.8 0.7 Cutt.
MQI1_4120 D MQ 4120 1 58 -5.1 0.573 0.558 0.004 33 2 -4.9 0.5 Cutt.

2 Calculated using 7O parameters from Huntington et al., 2009, ® Calculated using 7O parameters from Brand et al., 2010
© AyrcpEseo = 0.0428 (+0.0033) * 10%/T? 4 0.1174 (+0.0248) (Bonifacie et al., 2017, Eq. 1)
4 Calculated using mineral-water fractionation equations from Kim and O’Neil, 1997 and Horita et al., 2014
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TaBLE 4.—Isotopic composition of analyzed CIT standards (%o).

Standard N 613CVPDB SD 618()VI’DB SD A47CDES()O A47CDESZSH A47CDE525b SD 2SE 95% CL A47CIT‘)Od A47CIT25CLa A47CIT25dvb lﬁDif-
HCM" 243 23 01 -1.9 04 0301 0.393 0.383  0.020 0.003  0.002 0.263 0.345 0355  -0.015
HCM! 243 23 01 -19 04 0316 0.408 0.408  0.020 0.001  0.002 0.277 0.359 0.369
cirt 40 20 0.0 -7 00 0323 0.415 0.405  0.013 0.004  0.004 0.277 0.359 0369  -0.017
cIt 40 20 00 -1.7 00 0340 0.432 0432  0.013 0.002 0.004 0.290 0.372 0.382
NBS19" 7 19 01 23 01 0302 0.394 0.384  0.013 0.010 0.012 0.266 0.348 0358  -0.016
NBS19! 7 19 0.1 23 01 0318 0.410 0.410  0.012 0.005 0.011 0.280 0.362 0.372
IPGP* 11 0.314 0.406 0.396
J Hopkins' 23 0.322 0.414 0.404
Harvard® 7 0.292 0.384 0.374 0.014
T™vOI" 192 24 0.1 85 02 0627 0.719 0.709  0.019 0.003  0.003 0.572 0.654 0.664  -0.014
TvOI! 192 24 0.1 85 02 0641 0.733 0.733  0.018 0.001  0.003 0.582 0.664 0.674
V03" 34 33 02 83 0.1 0632 0.724 0.714  0.016 0.006 0.006 0.567 0.649 0.659  -0.019
TV03! 34 33 02 83 01 0651 0.743 0.743  0.016 0.003  0.006 0.579 0.661 0.671
102-GC-AZ-01" 90 05 01 -144 02 0615 0.707 0.697  0.017 0.004 0.004 0.578 0.660 0.670  -0.009
102-GC-AZ-01" 90 05 0.1 -144 02 0.624 0.716 0.716  0.017 0.002  0.004 0.587 0.669 0.679
J Hopkins” 102 0.618 0.710 0.700
IPGP* 20 0.625 0.717 0.710
Harvard® 4 0.625 0.717 0.707 0.010
2.8 E" 2 92 03 63 01 0613 0.705 0.695  0.019 0.008 0.009 0.575 0.657 0.667  0.003
2_8_E 2 92 03 63 01 0609 0.701 0.701  0.019 0.004 0.008 0.568 0.650 0.660
CARMEL CHALK" 42 22 0.1 41 01 059 0.688 0.678  0.018 0.006 0.006 0.551 0.633 0.643  -0.006
CARMEL CHALK' 42 22 0.1 41 01 0602 0.694 0.694  0.018 0.003  0.006 0.558 0.640 0.650
FAST HAGA" 21 3.1 01 58 0.1 0607 0.699 0.689  0.024 0.010 0.011 0.570 0.652 0.662  -0.013
FAST HAGA! 21 3.0 0.1 58 0.1 0620 0.712 0712 0.023 0.005 0.010 0.582 0.664 0.674

20.092 Acid Fract. Factor following Henkes et al. (2013). ® Calculated using a 0.082 Acid Fract. Factor following Defliese et al. (2015).
4 Agrcrr uses a 10 standard moving window, the HG intercept and slope and stretching factor outlined in Huntington et al. (2009).
Comparison data in italics from ¢ Bonifaci et al. (2017), © Henkes et al. (2013), and & Dennis et al. (2011).

" Data corrected using '’O parameters from Brand et al. (2010) ' Data corrected using '’O parameters from Huntington et al. (2009).

heated gases, equilibrated gases (when available), and carbonate standards
for both the linearity correction and empirical transfer function into the
“absolute reference frame” or “carbon dioxide equilibrated scale” (CDES)
as defined by Dennis et al. (2011) following the procedure outlined in the
Supplemental Materials.

Following recent clumped-isotope studies, we recognize that the
uncertainty on few replicate analyses has been underrepresented so to
better represent the true uncertainty the error on each sample is presented
as 2SE, twice the commonly reported 1SE (see Bonifacie et al. 2017;
Miiller et al. 2017a, 2017b).

Fluid compositions were calculated using the measured clumped-isotope
temperatures and an equilibrium fractionation equation for calcite—water
(Kim and O’Neil 1997). To calculate fluid compositions for dolomite
samples, we compared published equilibrium fractionation equations for
dolomite—water (and proto-dolomite—water) and found little difference (=
1%o; Supplemental Materials; Matthews and Katz 1977; Vasconcelos et al.
2005; Horita 2014). We present water 5" 0ysmow values for dolomite in
the main text using the equation from Horita (2014).

RESULTS

In Tables 1, 2, 3, and 4 and in the Supplemental Materials we present
data and standards calculated using two sets of 'O correction parameters
(Huntington et al. 2009; Brand et al. 2010; Schauer et al. 2016; Daéron et
al. 2016), two different acid-digestion fractionation factors (Henkes et al.
2013; Defliese et al. 2015; Bonifacie et al. 2017) and four recent
calibration equations (Kele et al. 2015; Bonifacie et al. 2017; Kelson et al.
2017). We found our standard values (n = 691) were consistently more
positive (avg. 0.012%o) using the correction parameters from Huntington et
al. (2009) compared to those from Brand et al. (2010) (Table 4). To
maintain consistency with the temperature calibration equation A47cpesoo

=0.0428 (* 0.0033) * 10°/T?+0.1174 (+ 0.0248) (Bonifacie et al. 2017,
their Eq. 1) that includes data garnered at Caltech during the same time
interval as our analyses, in the main text, our data were corrected in exactly
the same way as the calibration data in Bonifacie et al. (2017) using
parameters from Huntington et al. (2009). The results of this Ay,
calibration equation are within 1-3°C of Eq. 3 from Bonifacie et al. (2017),
a composite of both synthetic and biogenic calcite, aragonite, and dolomite
minerals analyzed at 70-90°C in eight different laboratories (Henkes et al.
2013; Fernandez et al. 2014; Tang et al. 2014; Wacker et al. 2014; Defliese
et al. 2015; Kele et al. 2015; Bonifacie et al. 2017).

Summary data for 109 samples including 50 with petrographic analysis
is presented in the main text (Tables 1, 2, and 3). The comparative results
of the correction parameters, calibration equations, acid fractionation
factors, mineral-water equations, and the remaining 71 single-analysis
samples can be found in the Supplemental Materials. Samples analyzed
from Oman cluster into three populations based on their shared
petrographic and clumped-isotope characteristics: Permian—Paleogene
carbonates, Ediacaran—Cambrian Ara Group carbonates, and Ediacaran
Nafun Group carbonates. Clumped-isotope temperature results and
reconstructed water 8'30 values are presented for individual samples (+
2SE) and for the mean, median, minimum, and maximum measurement of
each group by mineralogy (= 1SD, n = # of samples) (Table 5).

Permian—Paleogene Carbonates

All Permian—Paleogene samples come from a single well HM located on
the Central Oman High. The samples currently sit 357 m to 1370 m below
land surface. Present day borehole temperature measurements and
stratigraphy are plotted in Figure 6. Sixteen of the samples are dominated
by micrite (> 50%) and are either mudstone, wackestone or packstone
lithofacies (Table 2; images of all samples are presented in the
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TaBLE 5.—Group statistics.

A7 Temperature (°C)°

Water! 8! 80vsmow

Group Subgroup n mean SD med. min. max mean SD med. min. max.
Permian—Paleogene Calcite 18 36 3 35 30 43 0.6 0.7 0.7 -1.3 1.8
Permian—Paleogene Dolomite 3 36 11 33 28 49 0.3 1.1 0.8 -0.9 1.1
Permian—Paleogene Calcite Spar 4 42 6 41 37 50 1.4 0.9 1.1 0.7 2.7
Ara Group Calcite 14 81 11 82 64 107 8.8 2.5 9.7 2.2 11.8
Ara Group Dolomite 42 72 12 71 43 93 3.6 2.0 35 -0.8 8.1
Nafun Group Calcite 33 61 12 60 42 83 0.3 2.0 0.1 -3.4 4.6
Nafun Group Dolomite 53 55 13 53 33 105 -0.2 2.3 -0.7 -4.9 83
Nafun Group Calcite Spar 2 80 7 80 75 85 2.6 1.1 2.6 1.8 34

© Aszcpisoo = 0.0428 (+0.0033) * 10%T? 4 0.1174 (£0.0248) (Bonifacie et al. 2017, Eq. 1).
9 mineral-water fractionation equations from Kim and O’Neil (1997) and Horita et al. (2014).

Supplemental Materials). All but 4 of the 25 samples have area-weighted
average crystal sizes of 15 um or less (Fig. 7; Table 2). When there are
fossils, they are usually benthic foraminifera in-filled with equant mosaic
calcite cement (EMC). The fabric preservation of the fossil material varies
and is either micritized or dissolved and reprecipitated as equant mosaic
calcite cement. A few samples have disseminated small rhombohedral
dolomite floating in the micrite matrix (HM1, HM9, HM13; Fig. 1A, Fig.
SM1, see Supplemental Material). Only one grainstone sample from the

Permian Lower Khuff Formation is characterized by large overgrowth
cement (avg. crystal size =527 um). In this sample, the fossils are rimmed
with thin fibrous marine cements overgrown by post-compaction, coarse
poikilotopic spar cement (HM18). Two other grainstone samples (HM12,
HM16) have porosity-occluding, equant mosaic calcite cement crystals
with average crystal sizes of 17 and 71 pm respectively (Fig. 3F). Samples
with residual intergranular primary porosity are limited to the most
shallowly buried samples (HM1, HM3; Fig. 3A). Residual porosity along
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Fi6. 6.—Generalized stratigraphic columns and A4; temperature versus current burial depth with the in-situ measured borehole temperature profile (dashed line) for two
subsurface wells, HM and MQ, from the Central Oman High. A4, temperature results are from replicated samples (dark with = 2SE error bars) and single analyses
(transparent symbols with no error shown) for calcite (circles), secondary calcite spar cement (diamonds), and dolomite (squares). Only the Ara Group carbonates (blues)

match current borehole temperatures in both wells.
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Fic. 7.—A) Average crystal size based on weighted area measurements of crystal
sizes of grains, matrix, and cement versus A4; temperature for 50 samples of
Permian—Paleogene carbonates, Ara Group carbonates, and Nafun Group carbonates.
Ay47 temperature results are from replicated samples (dark with 6 2SE error bars) and
single analyses (transparent symbols with no error shown) for calcite (circles),
secondary calcite spar cement (diamonds), and dolomite (squares). The orange
dashed line is at 30°C, an estimate for equatorial sea-surface temperatures in the
Cretaceous and Eocene (Upchurch et al. 2015; Douglas et al. 2014; Lunt et al. 2012;
Dunkley Jones et al. 2013). B) Average crystal size versus calculated water
5" 0ysmow: The light blue dashed line is —1.2%o (Lear 2000; Cramer et al. 2011).
The dark blue dashed line is —6%o, an Ediacaran seawater composition estimate
assuming a constant climate state (Kasting et al. 2006; Veizer and Prokoph 2015;
Jaffrés et al. 2007).
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fractures and voids is more common (HM1, HM3, HM4, HM7, HMS,
HM9, HM10, HMI11; Supplemental Materials). Secondary porosity
enhancement has occurred in two of the three dolomitized samples in
the Lower Khuff Formation (HM15, HM 17, not HM14; Fig. 3E). The three
dolomitized samples are uniformly composed of microspar with average
crystal sizes between 4 and 12 um (Fig. 3E). Four samples of the equant
mosaic cement endmember were analyzed from larger void- and fracture-
filling cement pockets (HM2_2, HMS5_2, HM7_2, HMS8_2; Fig. 3B).
Clumped-isotope temperatures are surprisingly uniform across a range
of petrographic textures and depths of the sampled Permian—Paleogene
carbonates (Figs. 3, 6, 7). 20 of the 25 samples have clumped-isotope
temperatures between 28 and 39°C (Table 1). The calcite samples are
tightly clustered with a mean temperature of 36 = 3°C, 1SD, n = 18 (Fig.
8, Table 5). The Permian Khuff Formation dolomite samples have an
equivalent mean of 36 * 11°C, 1SD, n = 3 (Fig. 8, Table 5). The end-
member equant mosaic calcite spar samples are elevated on average (42 =
6°C, 1SD, n=4; Fig. 8, Table 5). The clumped-isotope temperature of one
void-filling equant mosaic calcite sample (HM5_2, 500.8 m depth) is
equivalent to the current borehole temperature (50 + 6°C, 2SE) and 17°C
warmer than the host wackestone (33 * 10°C, 2SE; Fig. 3B, Fig. 6).

Ediacaran—Cambrian Ara Group

The Ara Group samples are from 13 subsurface wells penetrating the
South Oman Salt Basin and Central Oman High, from stratigraphy exposed
in the Huqf outcrop area that has been correlated with the Ara Group but
lacks evidence for significant evaporite deposition and from the Qarn Alam
Salt Dome that sources the Ghaba Salt Basin (Figs. 1, 2). The Ara Group
samples from the same well as the Permian—Paleogene samples (HM19-21
from 3148.7 m to 3180.5 m depth) are limestone samples from the
Dhahaban Formation (Fig. 4A, B, C). HM19-21 have undergone
significant dissolution and reprecipitation. They are currently coarse
calcite cement with average crystal sizes from 85 to 171 pum. The samples
contain significant amounts of anhydrite in-filling around carbonate
crystals. Other Ara Group samples are similarly composed of coarse
cement, whether calcite or dolomite (A4C_40_2, SBSB_2398_78,
SBSB_2461_75, A.CS 92-136 um; Fig. 4D, E). This trend is common
but is not consistent across all Ara Group samples (Figs. 4F, 7).

The three samples of coarse calcite cement from the Ara Group from
well HM that underlie the Phanerozoic samples (3148.7-3180.5 m) are
distinctive in that their clumped-isotope temperatures are higher than the
Permian—Paleogene carbonates (70 = 4°C, 82 = 10°C, 73 =+ 4°C, 2SE),
and they agree with present-day borehole temperatures (Fig. 6; Table 2).
Other subsurface samples analyzed from carbonate “stringers” from
various depths in Central Oman and the South Oman Salt Basin yield
similarly warm carbonate clumped isotope temperatures, broadly repro-
ducing the current geotherm (Figs. 6, 7, 8). The mean clumped-isotope
temperature of Ara Group calcites is 81 = 11°C, 1SD, n = 14. Ara Group
dolomite samples have a similar mean temperature of 72 + 12°C, 1SD, n=
42 (Fig. 8; Table 5).

Ediacaran Nafun Group

The Nafun Group sample suite is from three subsurface wells (MQ,
SWN, TM6) and the Huqf Outcrop Area (MD, KD; Figs. 1, 2). The Huqf
outcrop samples are from a range of lithofacies and depositional
environments, whereas most of the Nafun Group samples from subsurface
wells are cuttings and cannot be assigned to lithofacies. In all sampling
localities, the dolomite samples are from the Khufai and Buah Formations
and the limestone samples are from the lowermost Khufai and Buah
formations and the siliciclastic-dominated Shuram Formation (Fig. 1). The
dolomitized Nafun samples show excellent fabric preservation, whether a
mudstone or a stromatolite (Fig. SA-E). Of the 17 calcite and dolomite



972 K.D. BERGMANN ET AL.
@ Eocene-Permian calcite @ Nafun Group calcite @ Ara Group calcite
Il Permian dolomite Bl Nafun Group dolomite [l Ara Group dolomite
Q Void and fracture calcite <> Calcite cement geothermal gradient
5 = H O O OO0 @)
0- I
—_ 2_ D
£ Ty
< f mE
-
o
[
D 1 {

Fig. 8.—A) A4, temperature versus current
burial depth for Central and South Oman for

Permian—Paleogene samples (greens), Ediacaran—
Cambrian samples from the Ara Group (blues),
and Ediacaran samples from the Nafun Group

(pinks). A4; temperature results are from repli-
cated samples (dark with = 2SE error bars) and
single analyses (transparent symbols with no error
shown) for calcite (circles), calcite spar cement
(diamonds), and dolomite (squares). A general-

ized South Oman Salt Basin geothermal gradient

0.757

from borehole temperature measurements is
shown with the dashed line (Schoenherr 2007).
The Permian—Paleogene carbonates yield the
lowest temperatures whereas the Ara Group
carbonates sit near the modern geothermal
gradient. Samples with zero depth are from
outcrop exposures and are split into Nafun Group
samples and Ara Group samples for clarity. B) A
kernel density estimate for the three groups is

— == group
mean

50 75
Temperature (°C)

samples examined petrographically, all but three have average crystal sizes
between 3 and 15 pm. Some dolomitized facies retain primary
intergranular porosity, including fenestral mudstones and oolites (Supple-
mental Materials). The Lower Khufai Formation is the only part of the
stratigraphy in the Huqf outcrop area with coarse calcite overgrowth
cements with average crystal sizes 137-1172 pum (MD6_10_0_KI1,
MD6_10_0_K2; Fig. 5F).

Samples from the subsurface Nafun Group do not sit on the geotherm
like the overlying Ara Group carbonates in the few wells of the Central
Oman High and South Oman Salt Basin where both are penetrated; instead
an inverse temperature profile is preserved (Figs. 6, 8). Nafun Group
calcites have a lower mean temperature compared to the overlying Ara
Group (61 = 12°C, 1SD, n = 33; Fig. 8, Table 5). The coarse calcite spar
cement in the Lower Khufai Formation from the Huqf outcrop area is the
hottest sample at 85 = 4°C, 2SE (Fig. 5F). Nafun Group dolomites have a

100

plotted with vertical lines denoting the population
means from Table 5 for calcite, dolomite, and
cement for each group.

similar mean of 55 = 13°C, 1SD, n =53 to Nafun Group calcites (Fig. 8,
Table 5). A few dolomite samples from the Huqf outcrop area preserve
cooler temperatures, including a stromatolite of 33 * 3°C, 2SE;
SB1_CON, Fig. 5A; Table 3).

Reconstructed Water 5"°0 Values

Clumped-isotope temperatures and mineral 3'*0 values were used to
calculate the precipitating water 5'%0 values of each carbonate texture
sampled, assuming equilibrium precipitation with temperature-dependent
fractionation factors from Kim and O’Neil (1997) for calcite and Horita
(2014) for dolomite (see Supplemental Materials for comparison of other
dolomite fractionation equations).

In the Phanerozoic calcites, mean reconstructed water 8'*Oysyow value
is 0.6 = 0.7%o, 1SD, n = 18. The calcite spar cement has a mean water



A 600-MILLION-YEAR CARBONATE CLUMPED-ISOTOPE RECORD FROM THE SULTANATE OF OMAN 973

B Permian dolomite
<) Void and fracture calcite > Calcite cement

@ Eocene-Permian calcite @ Nafun Group calcite @ Ara Group calcite
Il Nafun Group dolomite [ll Ara Group dolomite

— — — group mean

)
-

Depth (km

o0 O

]

Fig. 9.—A) Water 6180VSM0W versus present-
S— day burial depth for Central and South Oman for
Permian—Paleogene samples (greens), Ediacaran—
Cambrian samples from the Ara Group (blues),
and Ediacaran samples from the Nafun Group
(pinks). Water 8'®Oygvow are from replicated

samples (dark with = 2SE error bars) and single
analyses (transparent symbols with no error

shown) for calcite (circles), secondary calcite spar
cements (diamonds), and dolomite (squares). Both
the Permian—Paleogene carbonates and the Nafun
Group carbonates yield water 3"80ysmow com-
positions of ~ 0%o. The Ara Group carbonates
yield enriched fluid compositions. Samples with
zero depth are from outcrop exposures and are
split into Nafun Group samples and Ara Group

-5 0 5
60, (VSMOW, %o)

water

3" 0ysmow value of 1.4 = 0.9%o, 1SD, n = 4. Permian dolomites have a
mean reconstructed water SISOVSMOW value of 0.3 £ 1.1%o, 1SD, n =3
(Fig. 9; Table 5).

In contrast to the Permian—Paleogene samples, Ara Group samples have
more enriched reconstructed fluid compositions. Calcite samples have a
mean reconstructed water SIBOVSMOW value of 8.8 £ 2.5%o, 1SD, n = 14.
Replicated dolomite samples have a mean water B'SOVSMOW value of 3.6
+ 2%o, 1SD, n =42 (Fig. 9; Table 5).

Nafun Group carbonate reconstructed water 5"%0ysmow values are
distinct from those of the Ara Group. The replicated calcites have a mean
reconstructed water 8'*Oysyvow value of 0.3 = 2%, 1SD, n = 33. The
calcite-spar-cement water 3'80ysmow is heavier relative to other calcites
with a value of 2.6 = 1.1%o, 1 SD, n = 2. Nafun Group dolomites have a
mean reconstructed water SISOVSMOW value of —0.2 £ 2.3%o, 1SD, n=153
(Fig. 9; Table 5).

y samples for clarity. B) A kernel density estimate
1 0 for the three groups is plotted with vertical lines
denoting the population means from Table 5 for

calcite, dolomite, and cement for each group.

DISCUSSION

Carbonate diagenesis can obscure the record of depositional conditions
preserved in carbonates, through modification of fabrics and stable-isotope
composition. When petrographic analysis and traditional stable isotopes
are combined with clumped-isotope analyses, however, the range of fluid
compositions and temperatures of carbonate precipitation provide
additional information about the burial history of the carbonate rocks
(Fig. 10). Interpretation of both depositional and diagenetic processes can
be complicated in deeply buried carbonates by the potential for solid-state
reordering of C—O bonds in carbonate minerals.

Solid-State Reordering

In high-temperature deep-burial environments, the carbonate clumped-
isotope thermometer can be affected by “solid-state bond reordering”
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Fic. 11.—A) Time—temperature burial histories
for three locations, Well 1, Well 2, and the Huqf
outcrop area from Visser (1991). B) Modeled
change in A4; temperature resulting from solid-
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driven by isotopic exchange without dissolution and reprecipitation of new
carbonate cements (Dennis and Schrag 2010; Passey and Henkes 2012;
Henkes et al. 2014; Stolper and Eiler 2015). Solid-state reordering is
thought to progress through two processes: heating experiments show
initial rapid partial equilibration at high temperatures followed by slow
continued equilibration (Henkes et al. 2014; Stolper and Eiler 2015).
Models that have been proposed for the initial rapid equilibration phase
include propagation of dislocations, akin to physical annealing, or through
nearest-neighbor pair substitutions (Henkes et al. 2014; Stolper and Eiler
2015). This more rapid process initially dominates over diffusion, which
governs the rate of continued equilibration in the slow phase (Henkes et al.
2014; Stolper and Eiler 2015). Because solid-state reordering depends on
crystal structure and bond strength, different minerals have different
thresholds for solid-state reordering (Stolper and Eiler 2015). In minerals
accessible to the carbonate clumped-isotope thermometer, experimental
work suggests that reordering occurs at temperatures > 115°C over 10° to
108 years for calcite (Henkes et al. 2014; Stolper and Eiler 2015); dolomite
does not reorder at temperatures up to 200°C over 10° years (Lloyd et al.
2017). While these reordering temperatures have been determined based on
high-temperature heating experiments, few studies fully constrain the point
at which solid-state reordering begins to occur in the shallow-burial
environment (Quade et al. 2013; Winkelstern and Lohmann 2016; Murray
and Swart 2017).

Given the different susceptibilities of calcite and dolomite to solid-state
reordering, we would expect calcite and dolomite samples to diverge in
temperature if solid-state reordering is an important process acting on these
clumped-isotope temperatures. In this case, calcite samples would be
warmer than co-occurring dolomite samples if they both were precipitated
during early burial. We do not see this behavior in the Phanerozoic, Ara, or
Nafun group carbonates (Fig. 8).

Independent evidence for low burial temperatures from organic
maturity (Visser 1991) provide a test for potential solid-state reordering
in these carbonate sections. Burial-temperature histories for wells 1 and 2
and the Hugf outcrop area from Visser (1991) were used to model the
degree of solid-state reordering (Fig. 11; Henkes et al. 2014); results
indicate that solid-state reordering should lead to a 0-5% change in
calcite clumped-isotope temperatures, which translates to an apparent
temperature change of < 2°C for Nafun and Ara Group calcite samples
from solid-state reordering. The suppressed geothermal gradient in the
region yields 100°C temperatures at depths of 4-6 km; low temperature
at depth complicates predicting the thermal history of exhumed
carbonates.

The lack of mineralogy-specific temperature divergence combined with
model predictions from kinetics of calcite C—O bond reordering indicate
that neither the Phanerozoic nor the Ediacaran carbonate clumped-isotope

40 60 80 100 120 140 160 180
Burial Temperature (°C)

histories for Well 1, Well 2, and the Huqf using
model from Henkes et al. (2014). Results indicate
< 5°C temperature change.

temperatures were likely affected by solid-state reordering. Differences in
temperatures among Oman carbonates sampled in this study are
accordingly a product of precipitation temperatures, whether in the
depositional or the burial environment from processes that include
cementation, dolomitization, dissolution, and reprecipitation.

Temperature, Timing, and Fluid Composition of
Diagenetic Modification

Permian—Paleogene Carbonates—Petrographically, Permian—Paleo-
gene carbonates display a range of diagenetic fabrics. Many, but not all, of
the primary fossil shells have either been dissolved and replaced by equant
mosaic calcite cement or micrite. The intergranular porosity in the majority
of samples has been occluded with clear blocky calcite cement.

The clumped-isotope temperatures are consistent over 1.5 km of burial
despite significant variability in both primary fabric and postdepositional
fabric modification (Figs. 6, 8, Table 5). Phanerozoic samples show minor
enrichment of their water 8'%0 values (0—2%o) relative to a predicted ice-
free seawater value of —1.2%o (Figs. 7, 12; Tables 1, 5; Lear 2000; Cramer
et al. 2011). This indicates that the fluids driving cementation remained
seawater-like in composition from deposition through burial and
cementation. A higher water:rock ratio diagenetic pathway is supported
by the behavior of the entire population in A4, temperature, mineral
5"80yppe, and water 8'*0Oysmow space (Fig. 10). Similar results have been
reported for drill cores from the Bahamas, where carbonates yield
clumped-isotope temperatures < 10°C above modern sea-surface values up
to 1.3 km depth despite pervasive dissolution, reprecipitation, and
cementation by 250 m depth (Winkelstern and Lohmann 2016). Together,
our results of clumped-isotope temperatures 0—15°C above estimates of
Eocene—Cretaceous equatorial sea-surface temperature of ~ 30°C (Huber
and Sloan 2001; Lunt et al. 2012; Dunkley Jones et al. 2013; Douglas et al.
2014; Upchurch et al. 2015) and 24 of 25 Permian—Paleogene carbonates
within 0-3%o of “ice-free” seawater compositions suggest that dissolution,
reprecipitation, and cementation occurred during shallow burial within tens
of meters of the seafloor (Figs. 7, 12, Table 1).

Ediacaran—Cambrian Ara Group.—lIn contrast to the open-system-
like results for Permian—Paleogene samples, the relationships among
temperature, mineral 5'"80yppe, and water 8'*0yspow of the Ara Group
carbonates indicates that these rocks have undergone dissolution and
reprecipitation in environments with low water:rock ratios (Fig. 10). These
are the only carbonates with clumped-isotope temperatures that match
current measured borehole temperatures (Figs. 6, 8), indicating that
dissolution and reprecipitation or increases in crystal size continued to
occur during deeper burial.
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Fi6. 12.—Difference between reconstructed SISOVSMUW water values and —1.2%o the value predicted for modern “ice-free” seawater (Lear 2000; Cramer et al. 2011) for
Permian—Paleogene carbonates (greens) and Nafun Group carbonates (pinks) separated using the Dunham classification.

Two components of the Ara Group carbonate depositional environment
likely contribute to their diagenetic and clumped-isotope character: organic
maturation and the co-occurrence with depositional evaporites. The Ara
Group is a self-sourcing microbial oil reservoir (Grosjean et al. 2009,
2012), and these carbonates accordingly experienced organic maturation
reactions in the course of diagenesis. Organic maturation reactions are
typically acidic (Seewald 2003), and maturation in the salt “stringers” with
low water:rock ratios would have promoted dissolution and reprecipitation
of the Ara Group carbonates with burial (e.g., Heydari and Wade 2002).
All of the Ara Group carbonates are either interbedded with thinner salt
horizons or float as “stringers” within the main salt bodies (Fig. 2). Salt-
body permeability and porosity are very low (Casas and Lowenstein 1989),
and this low permeability and porosity affects fluid flow through carbonate
stringers. Thus, dissolution and reprecipitation of carbonate stringers
would have occurred in a rock-buffered diagenetic environment, with
possible contribution of enriched fluids from the gypsum-—anhydrite
transformation during burial. Such closed-system alteration is consistent
with the narrow range of mineral 3'*0 values found in the Ara Group
carbonates (Table 3). Rock-buffered mineral 8'30 values combined with
high temperatures of dissolution and reprecipitation yield enriched
reconstructed 8'%0 fluid values (Fig. 9). The clumped-isotope temperatures
and reconstructed 3'%0 fluid values of this unit provide a window into
diagenetic processes associated with mixed carbonate—evaporite deposition
and diagenetic alteration with low water:rock ratios during burial.

Ediacaran Nafun Group.—Petrographically, the Nafun Group car-
bonates are equivalent to or have better textural preservation than the
Permian—Paleogene carbonates, with excellent preservation of fine crystal
sizes, primary grains including ooids and pisoids with early fibrous
cements, evidence for early cementation, and preserved primary porosity in
some dolomite grainstones, fenestral mudstones, and crinkly laminites
(Figs. 5, 7, Table 4; Supplemental Materials). Some coarse calcite cements
have undergone dissolution and reprecipitation at higher temperatures in
the Lower Khufai Formation associated with a fetid-limestone interval
(MD6_10_0_K1, MD6_10_0_K2; Fig. 5F).

In the Nafun Group samples, calcite and dolomite A4, temperatures are
similar to each other and are intermediate between Permian—Paleogene
clumped-isotope temperatures and Ediacaran—Cambrian Ara Group
clumped-isotope temperatures. In the wells containing both Ara Group
and underlying Nafun Group carbonates, an inverse temperature
stratigraphy is preserved, with Nafun Group carbonates yielding lower
A47 temperatures than the overlying Ara Group carbonates (Fig. 6, MQ,
SWN). Reconstructions of fluid values of 59 of 94 Nafun Group calcites
and dolomites are within 0—3%o of estimates of “ice-free” seawater (Figs.
7, 9, 12, Table 3, Supplemental Materials), and 81 of 94 carbonates are
within —1-4%o of estimates of “ice-free” seawater (which has been

estimated between —0.89 and —1.2%,, VSMOW; Lear 2000; Cramer et al.
2011). Reconstructed fluid 8'®0 values are thus consistent with
petrographic preservation. Together, these data suggest that diagenetic
modifications occurred in an environment similar to that of the Permian—
Paleogene carbonates, within tens of meters of the seafloor, which
magnifies the temperature discrepancy between the Nafun Group and
Permian—Paleogene populations.

Stratigraphic Variation of Clumped Isotope Temperature

The ~ 20°C temperature difference between the population means of the
Permian—Paleogene carbonates and the Nafun Group is striking. This
difference can be explained in one of two ways: through major differences
in the diagenetic processes that affected the two groups, or through a
primary shift in Earth’s mean climate state.

The stratigraphic temperature change is superficially similar to that of
Bahamian cores studied by Winkelstern and Lohmann (2016). In these
Bahamian cores, carbonates below 1.3 km increased in clumped-isotope
temperatures by approximately 10-30°C. Like the Oman sections in this
study, the shift in temperatures was shared by both calcites and dolomites,
though the highest temperatures were recorded in dolomites. Winkelstern
and Lohmann (2016) ascribed this shift to alteration with burial, despite
moderate burial depths. Increasing temperatures in the Bahamian cores are,
however, accompanied by enrichment of reconstructed fluid 8'%0 values
exceeding +4%0 VSMOW (Winkelstern and Lohmann 2016), consistent
with diagenetic models calling on interactions between carbonates and
migrating seawater modified by evaporation (Murray and Swart 2017).
Nafun Group carbonates lack a similar enrichment in reconstructed fluid
composition. Unlike the Nafun Group carbonates, petrographic textures in
the Bahamian cores also show later growth of dolomites in the subsurface
with progressive replacement of original carbonate textures with
microcrystalline dolomite thombs. In this case, dissolution and reprecipi-
tation would skew the carbonates toward conditions associated with burial.
Such an association of dissolution and reprecipitation during deeper burial
is more consistent with trends observed in the Ara Group salt “stringers”
with lower water:rock ratios than the Nafun Group carbonates (Fig. 10).
The coarse crystal size of many Ara Group carbonates is similar to the
textures described in the Bahamian cores of Winkelstern and Lohmann
(2016). In contrast to the Bahamian or Ara Group carbonates, both calcites
and dolomites of the Nafun Group maintain fabric-retentive textures
(including both ooids and mudstones) and lack evidence for deeper-burial
dissolution and reprecipitation (Fig. 7).

A second diagenetic possibility exists, that the tectonic deformation
associated with the large-scale folding of the Nafun Group stratigraphy in
the Huqf outcrop area reset clumped-isotope temperatures of both the Ara
Group and Nafun Group soon after deposition of the Ara Group (Ries and
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Shackleton 1990; Gorin et al. 1982). In this model, the Ara Group alone
has continued to reset towards the modern geotherm. Both diagenetic
possibilities, deeper-burial diagenesis or tectonic resetting, cannot be
discounted based on the work presented here. It is important to note that if
the temperatures have been reset during cryptic diagenesis associated with
deeper burial or tectonic activity, with no petrographic evidence for large
crystal sizes or alteration of other thermal maturity indicators like
biomarker preservation (Love et al. 2009), the reconstructed values that
match estimates “ice-free” seawater-like 8'%0 values are purely coinci-
dental (Figs. 7, 9, 12).

An alternative model to explain higher Nafun Group A,; temperatures is
an evolution of Earth’s mean climate state. This interpretation is supported
by several lines of evidence. The overlapping reconstructed fluid 5'%0
compositions are similar to “ice-free” seawater for both calcite and fabric-
retentive dolomite despite their different behaviors during diagenesis and
burial. These fluid reconstructions are consistent across a range of fabrics,
including mudstones, stromatolites, and oolites (Figs. 5, 7, 12).
Furthermore, burial constraints from other proxies do not indicate
conditions relevant for solid-state reordering (Visser 1991; Grosjean et
al. 2009; Love et al. 2009). Our Ediacaran results from Oman are also in
agreement with other clumped-isotope studies from the Phanerozoic that
indicate no change in “ice-free” seawater composition from shallowly
buried, well-preserved carbonates and apatites (Came et al. 2007; Finnegan
et al. 2011; Bergmann et al. 2018; Henkes et al. 2018). Finally, such
seawater 8' %0 reconstructions agree with an independent reconstruction of
Neoproterozoic seawater 8'*0 value of —1.33%o from fossil black smoker-
type abyssal hydrothermalism (Hodel et al. 2018). While the results from
one location will not conclusively solve the decades-long debate about
Precambrian—early Phanerozoic climate and seawater composition (Knauth
and Lowe 2003; Kasting et al. 2006; Robert and Chaussidon 2006; Jaffrés
et al. 2007; Gaucher et al. 2008; Veizer and Prokoph 2015), based on the
above evidence from the Ediacaran Nafun Group of Oman we argue our
data does not support the evolution of seawater 5'%0 values over the last
600 million years to 3'%0 values as depleted as —6%o VSMOW in the
Ediacaran accommodated by changes in hydrothermal cycling at mid-
ocean ridges (Kasting et al. 2006; Jaffrés et al. 2007; Veizer and Prokoph
2015). We suggest that it is worth reassessing with new methods,
observations, and models whether there is evidence for a major change in
Earth’s climate system across the Neoproterozoic to Ordovician, a critical
period in the history of complex life on Earth.

CONCLUSIONS

In combination with petrographic characterization, carbonate-clumped
isotope thermometry provides a tool to untangle the timing, temperature,
and fluid composition of depositional and postdepositional processes for a
given succession. In agreement with experimental studies, our clumped-
isotope temperatures for two mineralogies, both calcite and dolomite,
indicate that solid-state reordering is not a dominant process in shallow-
burial environments on long geologic timescales.

We find evidence for two broad patterns in the physical and geochemical
behavior of carbonate rocks during shallow burial. Both Permian—
Paleogene carbonates and Ediacaran Nafun Group carbonates yield water
5"%0ysmow  values slightly enriched or equal to expected “ice-free”
seawater composition of —1.2%. and display good to fair textural
preservation, suggesting cementation, lithification, and any dissolution
and reprecipitation occurred within tens of meters of the sediment—water
interface. Permian—Paleogene clumped-isotope temperatures of lithified
rocks are 0-15°C above other proxy data for Permian—Paleogene sea-
surface temperatures. On average, Nafun Group lithified carbonates are
20°C warmer that lithified Permian—Paleogene carbonates. The Ara Group,
a self-sourcing petroleum reservoir, is a second diagenetic end-member.
Clumped-isotope temperatures match the present-day geotherm, water
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5"80ysmow values are very enriched, and textural preservation is fair to
poor. We implicate organic degradation and the gypsum to anhydrite phase
transition as important in the diagenetic history of Ara Group carbonates.

Our results from a 600-million-year record from Oman are inconsistent
with seawater 5'%0 values of —6%o in the Ediacaran and suggest that
Ediacaran depositional environments may have been warmer than their
Phanerozoic counterparts. It is impossible to fully discount the potential
importance of 600 million years of geologic time and the role of cryptic
diagenesis in resetting of the clumped-isotope temperature of Nafun Group
carbonates. That said, the results from this study yielding expected “ice-
free” seawater 8'%0 values of —1.2%o for both Nafun Group calcites and
dolomites across a range of burial environments can be tested against data
from other shallowly buried Precambrian locations to better reconstruct the
Precambrian climate system.

SUPPLEMENTAL MATERIALS

Supplemental files are available from JSR’s Data Archive: https:/www.sepm.
org/pages.aspx?pageid=229.
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